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ABSTRACT
We present the first dynamical mass estimates and scaling relations for a sample of Sunyaev–Zel’dovich
Effect (SZE) selected galaxy clusters. The sample consists of 16 massive clusters detected with the Ata-
cama Cosmology Telescope (ACT) over a 455 deg2 area of the southern sky. Deep multi-object spectroscopic
observations were taken to secure intermediate-resolution (R∼ 700–800) spectra and redshifts for ≈ 60 mem-
ber galaxies on average per cluster. The dynamical masses M200c of the clusters have been calculated using
simulation-based scaling relations between velocity dispersion and mass. The sample has a median redshift
z = 0.50 and a median mass M200c ' 12× 1014 h−170 M with a lower limit M200c ' 6× 1014 h−170 M, consistent
with the expectations for the ACT southern sky survey. These masses are compared to the ACT SZE properties
of the sample, specifically, the match-filtered central SZE amplitude y˜0, the central Compton parameter y0, and
the integrated Compton signal Y200c, which we use to derive SZE-mass scaling relations. All SZE estimators
correlate with dynamical mass with low intrinsic scatter (. 20%), in agreement with numerical simulations.
We explore the effects of various systematic effects on these scaling relations, including the correlation between
observables and the influence of dynamically disturbed clusters. Using the three-dimensional information avail-
able, we divide the sample into relaxed and disturbed clusters and find that∼ 50% of the clusters are disturbed.
There are hints that disturbed systems might bias the scaling relations but given the current sample sizes these
differences are not significant; further studies including more clusters are required to assess the impact of these
clusters on the scaling relations.
Subject headings: cosmic background radiation – cosmology: observations – galaxies: clusters: general –
galaxies: distances and redshifts
† Based in part on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere, Chile, under pro-
grams 084.A-0577 and 086.A-0425.
‡ Based in part on observations obtained at the Gemini Observatory,
which is operated by the Association of Universities for Research in As-
tronomy, Inc., under a cooperative agreement with the NSF on behalf of
the Gemini partnership: the National Science Foundation (United States),
the Science and Technology Facilities Council (United Kingdom), the Na-
tional Research Council (Canada), CONICYT (Chile), the Australian Re-
search Council (Australia), Ministério da Ciência e Tecnologia (Brazil) and
Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina).
21 Visiting Astronomer, Gemini South Observatory.
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1. INTRODUCTION
Studies of clusters of galaxies have had a wide impact on
our understanding of galaxy formation and cosmology (see
Voit 2005, for a review). They are a unique laboratory for
studying the effects of the environment (high density, gas
pressure, collisions, etc.) on galaxy evolution (Butcher &
Oemler 1984; Balogh et al. 1999; Hansen et al. 2009). At
the same time, number counts of galaxy clusters, sensitive to
the amplitude of matter fluctuations, can provide constraints
on various cosmological parameters (Bahcall & Fan 1998;
Evrard et al. 2002; Vikhlinin et al. 2009; Mantz et al. 2010b,c;
Rozo et al. 2010). An accurate determination of the latter
requires that we know the mass and redshift distributions of
clusters with good precision.
The Sunyaev–Zel’dovich effect (SZE; Zel’dovich & Sun-
yaev 1969; Sunyaev & Zel’dovich 1970) is a distortion in the
cosmic microwave background (CMB) temperature produced
by inverse-Compton scattering of CMB photons as they inter-
act with the hot electrons of the intracluster medium (ICM) of
a galaxy cluster. Its surface brightness is independent of red-
shift, and its strength is proportional to the line-of-sight (l.o.s.)
column density times the electron temperature. The SZE is a
powerful tool for detecting massive clusters to high redshifts
(see, e.g., the reviews by Birkinshaw 1999; Carlstrom et al.
2002).
Early measurements of the SZE were achieved with tar-
geted observations of known clusters. These revealed the
power of SZE studies, reaching from gas physics and inner
structure of clusters (Grego et al. 2001; Benson et al. 2004), to
cosmological parameters such as the Hubble constant (Birkin-
shaw et al. 1991; Hughes & Birkinshaw 1998) and the energy
density of matter in the universe, ΩM (Grego et al. 2001).
Large SZE surveys over cosmologically significant areas of
the sky have recently come to fruition as the Atacama Cos-
mology Telescope (ACT, Fowler et al. 2007; Swetz et al.
2011) and the South Pole Telescope (SPT, Carlstrom et al.
2011) have begun scanning large areas of the sky at millime-
ter wavelengths. The Planck satellite (Tauber et al. 2010) is
conducting an all-sky survey and has recently released the first
all-sky sample of SZE-selected galaxy clusters (Planck Col-
laboration 2011a). The first cluster detections with ACT and
SPT are presented in Hincks et al. (2010) and Staniszewski et
al. (2009), respectively.
The rapidly growing SZE cluster samples have the poten-
tial to place strong constraints on cosmological parameters
(e.g., Battye & Weller 2003). Both numerical simulations
(Springel et al. 2001a; da Silva et al. 2004; Motl et al. 2005;
Nagai 2006; Battaglia et al. 2012) and analytical studies (Reid
& Spergel 2006; Ashfordi 2008; Shaw et al. 2008) suggest a
tight correlation between cluster mass and SZE signal. On
the other hand, biased mass estimates can have a large im-
pact on cosmological parameter determination (e.g., Francis
et al. 2005). By limiting their study to the high-significance
clusters, Sehgal et al. (2011) have shown the power of the
ACT sample in constraining cosmological parameters, par-
ticularly the dark energy equation-of-state parameter w and
the root-mean-square (rms) mass fluctuations on a scale of
8h−1 Mpc, σ8. Likewise, Vanderlinde et al. (2010) have used
SPT data to set cosmological constraints, with similar find-
ings. They have also shown that these improvements can be
achieved only in the presence of a well-calibrated scaling re-
lation between mass and SZE signal. To assess the scaling of
SZE signal with mass, independent means of measuring the
mass are crucial.
Benson et al. (2013) used X-ray observations in combina-
tion with SZE measurements to derive an empirical scaling
relation between mass and SZE signal. This allowed them
to confirm that SZE-selected samples of clusters yield sig-
nificant improvements when added to other datasets to con-
strain cosmological parameters. While X-ray observations
have proven to be an effective way of measuring cluster
masses, and have been exploited to characterize the SZE sig-
nal (LaRoque et al. 2006; Bonamente et al. 2008; Andersson
et al. 2011; Melin et al. 2011; Planck Collaboration 2011b),
they do not provide truly independent mass estimates from
SZE measurements, since both rely on the properties of the
gas in the ICM and should be affected by similar physics.
The velocity dispersion of cluster member galaxies is one of
the most widely used methods for constraining cluster mass,
and is independent of the properties of the gas in the ICM. It
takes into account the galaxy distribution and relies, to some
extent, on the assumption that the clusters are relaxed (i.e.,
virialized). Until recently, however, mass measurements to
independently calibrate the SZE signal with mass have come
from optical richness (Menanteau & Hughes 2009; High et al.
2010; Menanteau et al. 2010b; Planck Collaboration 2011c)
and lensing analyses (Sealfon et al. 2006; Umetsu et al. 2009;
Marrone et al. 2012). Hand et al. (2011) presented stacked
ACT data in the directions of luminous red galaxies from
the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7,
Abazajian et al. 2009) using optical luminosity-based masses.
This approach allowed them to probe the SZE signal from
lower mass systems than otherwise possible.
Rines et al. (2010) presented the first statistical comparison
between dynamically estimated masses and integrated SZE
signal from a sample of 15 nearby (z < 0.3) galaxy clusters,
showing that masses thus determined and the integrated SZE
flux are correlated at the ≈ 99% confidence level. Further-
more, they estimate that the significance is higher than that of
the correlation between SZE and weak lensing masses from
Marrone et al. (2009), probably because of the smaller aper-
tures used in the latter study. However, since their sample
was not homogeneously selected, Rines et al. (2010) do not
account for observational biases in their sample and do not
report a formal scaling relation between mass and SZE flux.
In this work we present spectroscopic redshifts and—for
the first time—dynamical masses of a sample of clusters of
galaxies selected with the SZE. These clusters were observed
by ACT in its 2008 southern sky survey at 148 GHz (Marriage
et al. 2011a), and were optically confirmed by Menanteau et
al. (2010a). We use a variety of SZE diagnostics to assess the
scaling with dynamical mass and thus present the first robust
scaling relations between dynamical masses and SZE signal
for a sample of SZE selected clusters.
Throughout this work we use a flat ΛCDM cosmology
consistent with WMAP-7 data (Komatsu et al. 2011), with
ΩΛ = 0.73, ΩM = 0.27 and H0 = 70h70 kms−1 Mpc−1. Masses
and integrated SZE signals are estimated within a radius r200c
which encloses a density 200 times the critical density of the
universe at the redshift of the cluster, ρc(z) = 3H2(z)/8piG. All
quoted errors are 68% confidence intervals unless otherwise
stated.
2. OBSERVATIONS
2.1. ACT SZE Observations
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ACT is a 6 m off-axis Gregorian telescope operating at an
altitude of 5200 m in the Atacama Desert in Chile, designed to
observe the CMB at arcminute-scale resolution. It has three
1024-element arrays of transition edge sensors operating at
148, 218 and 277 GHz. ACT surveyed two regions of the sky,
of which 755 deg2 have been used for cluster studies (Mar-
riage et al. 2011b; Hasselfield et al. 2013). The processes
of cluster detection and extraction are thoroughly described
in Marriage et al. (2011a), and references therein. In short,
the maps are match-filtered and convolved with a beta-model
profile with β = 0.86 with varying core radius θc from 0.′25
to 4.′0. Cluster signal-to-noise ratio (S/N) is measured as the
maximum S/N from this set of filtered maps.
We report on a large spectroscopic follow-up campaign of
an ACT 148 GHz cluster sample, which was obtained from a
455 deg2 survey of the southern sky. The survey is roughly
bounded by right ascensions 00h12m and 07h08m and declina-
tions −56◦11′ and −49◦00′. For further details on the ACT ob-
servations, map making, data reduction, and cluster detection
procedure, see Fowler et al. (2010), Marriage et al. (2011a),
and Dünner et al. (2013).
2.1.1. The Cluster Sample
In this study we consider a total of 19 clusters, spanning
a wide range in mass and redshift. We focus, in particular,
on the subsample of 16 clusters that were detected by ACT
through their SZ signal. This subsample contains 15 sys-
tems that were detected by ACT in the 2008 single-season
maps (Marriage et al. 2011a) and confirmed optically on 4m-
class telescopes (Menanteau et al. 2010a), plus one additional
cluster (ACT-CL J0521−5104) detected in the new analysis
of multi-season maps. This latter cluster was initially targeted
for spectroscopic follow-up based on its optical richness alone
(Menanteau et al. 2010b). The 16 clusters were selected based
on a redshift cut of zphot > 0.35 and were all discovered with
the SZE, with the exceptions of ACT-CL J0330−5227 (X-
rays, Werner et al. 2007) and ACT-CL J0521−5104 (optical,
Menanteau et al. 2010b). ACT-CL J0330−5227 is located 12′
northeast (NE) of A3128 (z = 0.06; Colless & Hewett 1987;
Katgert et al. 1996), but Werner et al. (2007) found it to be
an unrelated, background cluster at z = 0.44 based on the ob-
served energy of the Fe K X-ray emission line using XMM-
Newton observations and the optical spectrum of the bright-
est cluster galaxy (BCG). Hincks et al. (2010) have shown
that the observed SZE signal is clearly related to the back-
ground cluster. Four clusters were initially reported by SPT
(Staniszewski et al. 2009; Vanderlinde et al. 2010, see Section
7.1) and studied optically by Menanteau et al. (2010b). ACT-
CL J0546−5345 is the only cluster with a dynamical mass
estimate prior to this study (Brodwin et al. 2010, see Section
7.1.9). Recently, Hilton et al. (2013) presented a study of the
stellar content of 14 of these 16 clusters from Spitzer obser-
vations.
Thus of the 16 SZE-detected clusters reported here, 10 are
newly discovered by ACT. Menanteau et al. (2010a) con-
firmed them as clusters with a BCG and an accompanying
red sequence of galaxies and studied their X-ray properties
from archival ROSAT data for the 15 clusters, plus Chandra
and/or XMM-Newton data when available. The clusters cover
the range ∼ 1—30×1044 ergs−1 in X-ray luminosity as mea-
sured in the 0.1–2.4 keV band. Photometric redshifts were
estimated for these 15 clusters by Menanteau et al. (2010a).
The spectroscopic redshift range covered by the sample is
Table 1
ACT-SZE Measurements of Clusters
Cluster z y˜0a y0b Y200cc
(10−4) (10−4) (10−10)
ACT-CL J0102−4915 0.870 3.51±0.43 5.66±0.62 1.47±0.18
ACT-CL J0215−5212 0.480 0.78±0.18 1.10±0.25 0.37±0.10
ACT-CL J0232−5257 0.556 0.60±0.17 0.91±0.28 0.28±0.07
ACT-CL J0235−5121 0.278 0.99±0.19 1.03±0.21 0.97±0.20
ACT-CL J0237−4939 0.334 0.93±0.26 0.94±0.32 1.07±0.31
ACT-CL J0304−4921 0.392 1.59±0.31 1.68±0.37 1.05±0.25
ACT-CL J0330−5227 0.442 1.25±0.18 1.61±0.21 0.90±0.13
ACT-CL J0346−5438 0.530 1.05±0.22 1.48±0.30 0.46±0.11
ACT-CL J0438−5419 0.421 1.63±0.13 2.06±0.15 1.14±0.10
ACT-CL J0509−5341 0.461 0.82±0.14 0.59±0.19 0.12±0.05
ACT-CL J0521−5104 0.675 0.72±0.16 1.31±0.25 0.28±0.07
ACT-CL J0528−5259 0.768 0.49±0.13 1.03±0.27 0.10±0.03
ACT-CL J0546−5345 1.066 0.92±0.14 2.36±0.30 0.26±0.03
ACT-CL J0559−5249 0.609 0.90±0.14 1.51±0.20 0.51±0.05
ACT-CL J0616−5227 0.684 1.00±0.15 1.80±0.22 0.47±0.05
ACT-CL J0707−5522 0.296 0.52±0.21 0.51±0.22 0.57±0.13
Note. — Redshifts are listed for reference. See Table 3 for details.
a Central match-filtered amplitude of the SZE, measured using the A10 pro-
file with a FWHM of 2′. See Hasselfield et al. (2013).
b Projected central Compton parameter assuming the A10 profile. See Has-
selfield et al. (2013).
c Spherically-integrated Compton amplitude within r200c assuming the A10
profile. See Section 2.1.2.
0.28< z< 1.07 with a median redshift z = 0.50.
Additionally, we report on three optically selected, high-
richness galaxy clusters from the Southern Cosmology Survey
(SCS; Menanteau et al. 2010b). These clusters were part of
our 2009B follow-up observations before the ACT maps were
available for cluster detection, and were not detected by ACT.
They are briefly discussed in Section 7.2.
2.1.2. Cluster SZE Measurements
To characterize the SZE produced by each cluster (in the
148 GHz band) we study three different estimators. These
values are listed in Table 1 and are all measured using multi-
season (2008–2010) ACT data.
The first estimator, y˜0, corresponds to the central match-
filtered SZE amplitude. A detailed description of the pro-
cedure is given in Hasselfield et al. (2013, see their Section
2.2), but is outlined here. The ACT maps are passed through
a matched filter to extract the amplitude of the temperature
decrement of clusters modeled with the universal pressure
profile of Arnaud et al. (2010)—hereafter “the A10 profile”—
with a fixed scale θFWHM = 2′. This scale is related to the
more usual parameterization of the characteristic scale by
θ500c = 2.94θFWHM given the best-fit concentration parameter
from Arnaud et al. (2010), c500c = 1.177. Although the filter
accounts for the effects of the beam in the signal template, its
normalization is chosen to return the central decrement of the
corresponding unconvolved cluster signal. The central tem-
perature decrement is scaled to a central Compton parameter
using the standard non-relativistic SZE frequency dependence
(Sunyaev & Zel’dovich 1980).
Using y˜0 and assuming that the pressure profile follows the
(mass dependent) A10 profile, one can estimate what the ac-
tual central Compton parameter should be. While this mea-
sure carries some assumptions about the physics of the cluster
and the relation between pressure and mass (i.e., it is model-
dependent), it is completely independent from the reported
dynamical masses and it is thus still useful to compare both
quantities. The central Compton parameter is referred to as
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y0, as usual. A more detailed discussion about y˜0 and y0 can
be found in Hasselfield et al. (2013).
Our third measurement is the integrated Compton signal.
Large integration areas tend to give measurements that are
more robust against the effects of cluster physics such as ac-
tive galactic nucleus (AGN) feedback (Motl et al. 2005; Nagai
2006; Reid & Spergel 2006), and to projection effects (Shaw
et al. 2008). Dynamical masses are usually measured at r200c
(see Section 4.1), providing therefore a measurement of the
size of the cluster. Since the parameterization of the A10 pro-
file is given in terms of quantities measured at r500c, we con-
vert values from r200c to r500c using a Navarro et al. (1995)
profile (hereafter NFW profile) and the mass–concentration
relation of Duffy et al. (2008). Combined with the dynami-
cal information, this sets the scale of the filter through θ500c.
The filtering then returns the total integrated profile out to the
virial radius, which is scaled to r200c using the prescription of
Arnaud et al. (2010). We refer to these spherical SZE mea-
surements within r200c as Y200c hereafter. We estimate the co-
variance between Y200c and M200c by measuring Y (< r) from
the maps at different radii around r200c for each cluster; the dy-
namical mass is re-scaled assuming a spherical cluster. This
covariance is included in the determination of the scaling re-
lations (see Sections 5.2 and 6.4).
2.2. Optical Spectroscopy
The spectroscopic observations were carried out in two
semesters, 2009B and 2010B. Each semester was split into
two observing runs, one with FORS2 at the Very Large Tele-
scope (VLT; Appenzeller et al. 1998) and one with GMOS at
Gemini South (Hook et al. 2004), both telescopes located in
Chile. The details of each observing run are listed in Table
2. In total, we had 89 hr of observation, during which we
collected multi-object spectroscopy for 19 clusters.
Targets were selected by a two-step process. First, a pho-
tometric redshift-selected catalog was constructed, includ-
ing galaxies within ±0.1 of the redshift of the BCG. Within
this catalog, galaxies were visually selected based on their
gri colors, with preference given to bright galaxies. All
our spectroscopic observations cover the wavelength range
∼ 4000−8000Å. In this range several spectral features are ob-
servable at the median photometric redshift of 0.54 (Menan-
teau et al. 2010a). These are mainly the Ca II K–H absorption
doublet (at a rest-frame wavelength λ0 ∼ 3950Å), which is
the spectral signature of elliptical galaxies, plus other absorp-
tion lines such as the G band (λ0 = 4300Å), Hβ (λ0 = 4861Å),
and the Mg II triplet (λ0 ∼ 5175Å), plus the [O II] emission
line at rest-frame λ0 = 3727Å. The Na I absorption doublet
(λ0 ∼ 5892Å) is also observable in the low-z clusters.
2.2.1. VLT-FORS2 Observations
The FORS2-2009B observations (Run 1) were aimed at
newly SZE-detected clusters regarded as “secure” candidates
detected with ACT in 2008. These clusters had already been
reported as SZE detections by Staniszewski et al. (2009)
and their physical properties characterized in Menanteau &
Hughes (2009).
Run 3 was mostly focused on getting detailed informa-
tion for ACT-CL J0102−4915 (“El Gordo,” Menanteau et al.
2012), which was detected as the largest decrement in the
ACT maps. ACT-CL J0559−5249 was also included in this
run.
Runs 1 and 3 were executed in Service Mode in semesters
2009B and 2010B, respectively. The instrument setup in
both runs was the same, using the GRIS 300I+11 grism and
1′′–wide slits, which provides a resolving power R = 660 at
λ = 8600Å. A total of 18 FORS2/MXU masks were observed
for the five clusters. Each mask was observed for 40 min-
utes, which we estimated to be the best compromise between
maximizing S/N and number of masks.
FORS2 has a field of view of 6.′8×6.′8 in the standard res-
olution setup, which corresponds to a width of 2517 h−170 kpc
at z = 0.5.
2.2.2. Gemini-GMOS Observations
The GMOS-2009B observations (Run 2) were aimed at four
optically selected clusters from the SCS whose richness-based
mass estimates suggested that they would be detected by ACT
in the SZE survey (Menanteau et al. 2010b). However, as
mentioned above, only one object was in fact detected by
ACT (ACT-CL J0521−5104); the other three are discussed in
Section 7.2. The total integration time per mask was 3600 s
(2×1800 s). Two exposures at slightly different central wave-
lengths per mask were required to cover the two 37-pixel gaps
between the CCDs which run across the dispersion axis.
Targets for Run 4 (GMOS-2010B) were selected from the
sample of clusters newly discovered by ACT presented in
Marriage et al. (2011a) and optically confirmed by Menanteau
et al. (2010a). Run 4 was the only one executed in Classical
Mode, during five consecutive nights (December 6–10), all
with clear, photometric conditions and seeing . 0.′′8. Based
on our experience in Run 2 we decided to reduce the inte-
gration time to 2400 s (2×1200s) for each mask during Run
4. This, coupled with a ∼ 20% higher efficiency than Queue
Mode, allowed us to observe a larger number of masks (and
clusters) while still obtaining the necessary S/N in the relevant
spectral lines.
In both GMOS runs we used the R400_G5325 grating and
1′′-wide slits, providing a resolving power of R ∼ 800 with a
2×2 binning at λ∼ 7000Å. In the standard setup GMOS has
a field of view of 5.′5×5.′5 (2036 h−170 kpc at z = 0.5).
2.2.3. Data Reduction
We have developed reduction pipelines both for the FORS2
and GMOS data, based on the existing software by ESO and
Gemini respectively, which work with IRAF/PyRAF4. Cos-
mic rays are removed using L.A.Cosmic (van Dokkum 2001)
with a detection limit of 4.5σ. The wavelength calibrations
were done using CuAr lamps in the case of GMOS data and
HeAr lamps for VLT data. The sky is subtracted from each
spectrum using a constant value determined locally within
each slitlet. In the case of GMOS data, the individual expo-
sures are coadded at this point. Finally, the one-dimensional
(1D) spectra are extracted from each slit and matched with the
input photometric catalogs used to generate the masks.
3. ANALYSIS AND RESULTS
3.1. Galaxy Redshifts
Galaxy redshifts are measured by cross-correlating the
spectra with galaxy spectral templates of the SDSS DR7 us-
ing the RVSAO/XCSAO package for IRAF (Kurtz & Mink
4 The pipeline used to reduce GMOS data—dubbed “pygmos”—is avail-
able at http://www.strw.leidenuniv.nl/~sifon/pygmos/.
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Table 2
Spectroscopic Observation Details
Run Semester PI Tel./Inst. Program ID Mode Grating Hours Ncl
1 2009B Infante VLT/FORS2 084.A-0577 Service GRIS 300I+11 14 3
2 2009B Barrientos Gemini-S/GMOS GS-2009B-Q-2 Service R400_G5325 20 4
3 2010B Infante VLT/FORS2 086.A-0425 Service GRIS 300I+11 15 2
4 2010B Barrientos/Menanteaua Gemini-S/GMOS GS-2010B-C-2 Classical R400_G5325 40 10
Note. — Ncl is the number of clusters observed in each run. Each cluster was fully observed in one run.
a Joint Chile/US proposal
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Figure 1. “Stacked” result of the shifting gapper method of member selec-
tion, showing the galaxies in all 16 SZE-detected clusters. The horizontal axis
shows the cluster-centric distance normalized by r200c for each cluster and
the vertical axis shows the peculiar velocity of each galaxy, normalized by
the velocity dispersion of the corresponding cluster. Black dots show mem-
ber galaxies, open circles show galaxies rejected by the method, and crosses
show galaxies with peculiar velocities larger than 4000kms−1. Galaxies with
peculiar velocities larger than 6SBI are not shown for clarity.
1998); the spectral features in each spectrum have been con-
firmed with the 2D spectra by visual inspection. We have been
able to estimate reliable redshifts for ∼ 1200 galaxies which
comprise ∼ 80% of all targeted objects.
The median rms in the wavelength calibration is ∼ 0.3Å
and is similar for both instruments. At a central wave-
length of 6000 Å, this corresponds to a velocity uncertainty of
15kms−1, which is within the errors of the cross-correlation
velocity. In particular, the latter is typically ∆(cz) ∼ 40 −
80kms−1, as calculated by RVSAO. It has been established
experimentally that the true cross-correlation errors are larger
than those reported by RVSAO, by a factor ∼ 1.7 (e.g., Quin-
tana et al. 2000), strengthening the point that the calibration
errors are well within the velocity measurement errors.
We have included the member catalog for ACT-
CL J0546−5345 published by Brodwin et al. (2010). Seven
galaxies have been observed both by Brodwin et al. (2010)
and by us; all redshifts are consistent within 2σ. We there-
fore use our measurements for those galaxies in the following
analysis.
3.2. Cluster Redshifts and Velocity Dispersions
It is of great importance to correctly determine cluster
membership to avoid a biased measurement of the velocity
dispersion (Beers et al. 1991). This is a complicated prob-
lem and many methods have been developed to handle it.
In this analysis, membership of galaxies to a cluster is de-
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Figure 2. Comparison between spectroscopic redshifts from this work with
initial gri photometric redshift estimates from Menanteau et al. (2010a). The
instrument and telescope with which each cluster was observed are identified
in the legend. The dashed line shows zphot = zspec. The dotted horizontal
line shows the sample selection cut, zphot = 0.35, and the dotted vertical line
shows the corresponding zspec = 0.35.
termined by applying a cut in (rest frame) velocity space of
4000kms−1, and then applying the shifting gapper method
(Fadda et al. 1996). To do this, we define annular bins around
the BCG, each of which has at least 15 galaxies and radial
width ≥ 250h−170 kpc. We consider the histogram of velocities
of member galaxies within each bin. We assume the profile
is symmetric, and identify the main body of galaxies as those
whose velocity is bounded by gaps of ≥ 500 kms−1. Follow-
ing Katgert et al. (1996) and Fadda et al. (1996), galaxies sep-
arated from the main body by ≥ 1000 kms−1 are considered
interlopers and are removed. The selection method is iterated
until the number of members is stable. This usually happens
after the second iteration. A total of 948 galaxies (∼ 65% of
all targets) have been selected as cluster members. Most of
these galaxies show the spectral signatures of elliptical galax-
ies and do not have emission lines, and only a few emission-
line galaxies belong to clusters (see Section 4.3). The galaxies
remaining at this point are considered members of the cluster.
Figure 1 shows the “stacked” result of this method, with mem-
bers as solid dots. The values have been normalized to allow
for direct comparison of all clusters. We have explored sys-
tematic effects coming from the member selection method by
changing the width of the bins, the number of galaxies per bin,
and the size of either gap in the shifting gapper. Varying these
parameters yields results that are consistent with the reported
velocity dispersions.
We use the biweight estimators of location (hereafter zBI;
Beers et al. 1990) for the redshift of the cluster and scale,
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SBI, for the velocity dispersion. All errors have been esti-
mated with the bootstrap resampling technique with 5000 it-
erations. The redshifts of the clusters are presented in Figure
2, where they are compared to the photometric redshifts of
Menanteau et al. (2010a). The median redshift of the sample
is z = 0.50. The slightly biased photometric redshifts appar-
ent in Figure 2 are mainly due to two factors: the lack of a
well-characterized filter response function for the telescopes
involved in the imaging follow-up and the use of only three
to four filters for the determination of photometric redshifts
(Menanteau et al. 2010a).
Danese et al. (1980) showed that the observational errors on
the redshifts of galaxies introduce a bias in the measured ve-
locity dispersion. However, for a cluster of M∼ 1015 M with
individual errors as measured in this work (i.e.,. 100kms−1),
this correction is < 0.1% (and even lower for more massive
clusters), and it is therefore not considered here5.
4. DYNAMICAL MASSES
In this section, we use the velocity dispersions measured
in the previous section to estimate cluster masses. The dy-
namical state of each cluster is also studied, including signs
of substructure and the fraction and influence of emission-
line galaxies in the cluster population. Both factors can, in
principle, bias the velocity dispersion and thus the dynami-
cal mass of the cluster. Moreover, they are not expected to be
completely independent, since emission-line galaxies are gen-
erally newly incorporated galaxies, which might mean recent
(or near-future) mergers involving the main cluster (Moore et
al. 1999; Book & Benson 2010).
4.1. Dynamical Mass Estimates
The relationship between velocity dispersions and masses
has been the focus of several studies. As a first-order ap-
proach, Heisler et al. (1985) studied simple variations of the
Virial Theorem and found that they all behave similarly, and
that it is not possible to distinguish among them. Carlberg et
al. (1997) compared masses obtained from the Virial Theorem
to those obtained with the Jeans equation in observed clus-
ters. They found that the former are biased high by a factor
of 10%–20% and associated this bias with a surface pressure
correction factor of the same order.
More recently and based on large cosmological simulations,
Evrard et al. (2008) concluded that massive (M200c > 1014M)
clusters are, on average, consistent with a virialized state, and
find a best-fit scaling relation for dark matter halos described
by NFW profiles in a variety of cosmologies. Accordingly,
the mass enclosed within r200c is
M200c =
1015
0.7h70(z)
(
σDM
σ15
)1/α
M , (1)
where σ15 = 1082.9 ± 4.0 kms−1, α = 0.3361 ± 0.0026,
h70(z) = h70
√
ΩΛ + (1+ z)3ΩM for a flat cosmology and σDM is
the 1D velocity dispersion of the dark matter particles within
r200c, which is related to the velocity dispersion of galaxies
by a so-called bias factor bv = SBI/σDM. As summarized by
Evrard et al. (2008), the bias factor as currently estimated
5 As mentioned before, the errors calculated by RVSAO are smaller than
the true cross-correlation errors. Even so, the Danese et al. (1980) correction
would be  1%, and still negligible over the statistical uncertainty in the
velocity dispersion.
is 〈bv〉 = 1.00± 0.05. For consistency with previous studies
(e.g., Brodwin et al. 2010), we adopt a value bv = 1, meaning
that galaxies are unbiased tracers of the mass in a cluster.
The mass values drawn from Equation (1) are shown in Ta-
ble 3, and the given errors include uncertainties on the cluster
redshift, the velocity dispersion, α and σ15. The overall un-
certainty in the mass is dominated by statistical errors which,
in turn, are dominated by the error in the velocity dispersion.
The systematics introduced by Equation (1) contribute< 10%
of the uncertainties listed in Table 3. The mass from Equation
(1) yields a lower value than the virial mass estimator, as Carl-
berg et al. (1997) also anticipated.
As indicated by Evrard et al. (2008), Equation (1) holds for
primary halos, i.e., clusters where a “main system” can be
easily identified and substructure is only marginal. As noted
in Section 4.2, a high fraction of the clusters have significant
substructure, but none of them shows a clear bimodal distri-
bution in velocity and we therefore assume that Equation (1)
is applicable to all the clusters in the sample.
The radius r200c is also listed for each cluster in Table 3.
These have been calculated using M200c and assuming spheri-
cal clusters (i.e., M200c = 200ρc×4pir3200c/3).
4.2. Substructure
It is becoming widely accepted that substructure is a com-
mon feature of galaxy clusters, and that its presence (or lack
thereof) is related to the degree of relaxation and hence the va-
lidity of the hydrostatic equilibrium hypothesis (e.g., Battaglia
et al. 2012, and references therein). While X-ray observa-
tions can reveal the presence of substructure in the plane
of the sky, velocity information can reveal substructure in
the radial direction. From X-ray observations over a wide
range in masses at z . 0.3, Schuecker et al. (2001) find that
(52± 7)% of galaxy clusters present significant substructure.
Girardi et al. (1997) find that out of 44 optically selected local
(z ≤ 0.15) clusters, 15 (38%) show significant signs of sub-
structure based on their dynamics. Girardi et al. (1997) argue,
on the other hand, that substructure found in clusters that show
a unimodal velocity distribution (i.e., where the substructure
is not of comparable size to the cluster itself) does not influ-
ence the velocity dispersion (hence mass) measurements.
In general, a non-negligible fraction of the galaxy clusters
in a sample will have biased mass measurements due to sub-
structure. These results highlight the need for a correct es-
timation of the degree to which galaxy clusters seem to be
relaxed or in the process of merging.
One very basic test for substructure involves the distribu-
tion of measured velocities. In fact, however, none of our
velocity histograms shows clear evidence for a bi- or multi-
modal distribution and the velocity dispersions SBI are consis-
tent with Gaussian velocity dispersions (i.e., with the standard
deviation), in all cases, within 1σ. So, in the following, we
employ three specific tests that take advantage of the three-
dimensional (3D) information provided by the optical spec-
troscopy to assess the dynamical state of the clusters from a
wide perspective. Table 4 summarizes the substructure analy-
sis.
4.2.1. 1D: BCG Peculiar Velocity
For a cluster that is relaxed, the peculiar velocity of the
BCG should be close to zero (Quintana & Lawrie 1982;
Oegerle & Hill 2001, but see Pimbblet et al. (2006) for a likely
counter example). Oegerle & Hill (2001) find that the disper-
sion of BCG peculiar velocities is ∼ 160kms−1 for a median
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Table 3
Dynamical Properties of ACT 2008 Clusters
ACT Descriptor Ngala zBI SBI r200c M200c
(kms−1) (h−170 kpc) (10
14 h−170 M)
ACT-CL J0102−4915b 89 0.8701±0.0009 1321±106 1789±140 16.3±3.8
ACT-CL J0215−5212 55 0.4801±0.0009 1025±102 1736±173 9.6±2.8
ACT-CL J0232−5257 64 0.5559±0.0007 884±110 1438±177 5.9±2.2
ACT-CL J0235−5121 82 0.2777±0.0005 1063±101 2007±190 11.9±3.4
ACT-CL J0237−4939 65 0.3344±0.0007 1280±89 2339±162 20.0±4.2
ACT-CL J0304−4921 71 0.3922±0.0007 1109±89 1971±155 12.7±3.0
ACT-CL J0330−5227c 71 0.4417±0.0008 1238±98 2138±166 17.1±4.0
ACT-CL J0346−5438 88 0.5297±0.0007 1075±74 1770±122 10.7±2.2
ACT-CL J0438−5419d 65 0.4214±0.0009 1324±105 2310±182 21.1±5.0
ACT-CL J0509−5341e 76 0.4607±0.0005 846±111 1451±189 5.5±2.1
ACT-CL J0521−5104f 24 0.6755±0.0016 1150±163 1744±245 12.1±5.1
ACT-CL J0528−5259g 55 0.7678±0.0007 928±111 1337±159 6.1±2.2
ACT-CL J0546−5345h 48 1.0663±0.0014 1082±187 1319±226 8.1±4.2
ACT-CL J0559−5249i 31 0.6091±0.0014 1219±118 1916±184 14.9±4.3
ACT-CL J0616−5227 18 0.6838±0.0019 1124±165 1699±244 11.2±4.9
ACT-CL J0707−5522 58 0.2962±0.0005 832±82 1561±156 5.7±1.7
a Number of spectroscopically confirmed members, after applying the selection procedure of Sec-
tion 3.2.
b “El Gordo” (Menanteau et al. 2012) and SPT-CL J0102−4915 (Williamson et al. 2011).
c A3128 (NE) (Werner et al. 2007).
d PLCK G262.7−40.9 (Planck Collaboration 2011a) and SPT-CL J0438−5419 (Williamson et al.
2011).
e SPT-CL J0509−5341 (Staniszewski et al. 2009).
f SCSO J052113−510418 (Menanteau et al. 2010b) and SPT-CL J0521−5104 (Vanderlinde et al.
2010).
g SPT-CL J0528−5259 (Staniszewski et al. 2009) and SCSO J052803−525945 (Menanteau et al.
2010b).
h SPT-CL J0547−5345 (Staniszewski et al. 2009).
i SPT-CL J0559−5249 (Vanderlinde et al. 2010).
SBI ∼ 800kms−1. Using a sample of 452 Abell clusters, Co-
ziol et al. (2009) find that BCGs have a median peculiar ve-
locity 0.32SBI and that 41% of BCGs have velocities different
from zero at the 2σ level, but note that this number is compa-
rable to the fraction of clusters that show signs of substructure.
In summary, velocities consistent with zero are not necessar-
ily expected. Dominant (D/cD) BCGs, however, are mostly
found in the low peculiar velocity regime. Thus here clusters
are (provisionally) considered as disturbed if their BCG has
a peculiar velocity different from zero at the 2σ-level where,
following Coziol et al. (2009), the fractional uncertainties are
given by
∆
(
vpec/SBI
)
=
1
SBI
√(
∆vpec
)2 +(vpec∆SBI
SBI
)2
(2)
where ∆vpec =
√
S2BI/Ngal + (∆vBCG)
2 is the error in the pe-
culiar velocity, and ∆vBCG is twice the cross-correlation er-
ror estimated by RVSAO, which is a conservative correction
(Quintana et al. 2000).
Eight clusters meet this criterion, which will be coupled
with similarly chosen criteria in the 2D and 3D analyses be-
fore selecting which clusters have significant evidence for
substructure.
4.2.2. 2D: Projected BCG-SZE Offset
Under the hypothesis of hydrostatic equilibrium, galaxies
closely trace the total mass distribution in the cluster and thus
the BCG is located at the peak of the gravitational potential.
If the cluster is virialized, the gas should also follow the mass
distribution. Deviation from this scenario may be quantified
by an offset between the BCG (i.e., dark matter) and the SZE
(i.e., gas) peak. This, of course, is sensitive to offsets pro-
jected in the sky, unlike the preceding and following tests.
ACT has a beam of 1.′4 (FWHM) at 148 GHz (Hincks et
al. 2010) and the uncertainties in the determination of the po-
sition of each cluster are of order 10′′-15′′. We therefore list
the projected offset in arcseconds in Table 4; offsets . 15′′
are within ACT’s positional uncertainty and should therefore
not be considered physical offsets. Lin & Mohr (2004) find
that > 80% of BCGs are offset from the peak gas emission
by ∆r/r200c < 0.2. Moreover, Skibba et al. (2011) find that
∼ 40% of BCGs do not sit at the minimum of the potential
well in clusters. Column 6 of Table 4 lists the projected offset
between the BCG and the SZE peak for each cluster relative
to the characteristic scale of the cluster r200c.
We choose ∆r/r200c ∼ 0.20 as the threshold between (ten-
tatively classified) relaxed and disturbed clusters, based on
the results of Lin & Mohr (2004). In this case, only three
clusters—ACT-CL J0102−4915, ACT-CL J0509−5341, and
ACT-CL J0528−5259—have values over the threshold. Given
that the chance of l.o.s. substructure should be the same as
that of substructure in the plane of the sky,6 this might be
too stringent a limit. Moreover, the findings of Skibba et al.
(2011) argue that this might not be a very reliable test for
substructure, but we include it for completeness. The three
clusters that meet this criterion have offsets on the order of an
arcminute, far beyond uncertainties in the ACT SZE centroids
and therefore qualify as physical offsets.
It is worth noting that positions estimated in our analysis
differ from those reported in Marriage et al. (2011a), typically
by ≈ 20′′. There are two exceptions, however: the estimated
centers for ACT-CL J0509−5341 and ACT-CL J0707−5522
6 In fact, the latter should be approximately twice as large, given the num-
ber of dimensions covered by the plane of the sky and the l.o.s..
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Table 4
Substructure in ACT 2008 Clusters
Cluster z |vpec|a |vpec|/SBI ∆rb ∆r/r200c s.l. (DS)c Disturbed?d
(kms−1) (arcsec)
ACT-CL J0102−4915e 0.870 10±169 0.01±0.13 68 0.30 0.48+0.13−0.02 010 Yes
ACT-CL J0215−5212 0.480 1171±153 1.14±0.19 33 0.12 0.02+0.00−0.01 101 Yes
ACT-CL J0232−5257 0.556 37±129 0.04±0.14 35 0.15 0.11+0.11−0.05 000 No
ACT-CL J0235−5121 0.278 138±137 0.13±0.13 44 0.09 0.04+0.01−0.03 001 Yes
ACT-CL J0237−4939 0.334 261±174 0.20±0.14 78 0.16 < 0.01 001 Yes
ACT-CL J0304−4921 0.392 151±157 0.14±0.14 22 0.06 0.04+0.09−0.03 001 No
ACT-CL J0330−5227 0.442 424±167 0.34±0.14 44 0.12 0.21+0.27−0.02 100 No
ACT-CL J0346−5438 0.530 263±125 0.24±0.12 16 0.06 0.23+0.05−0.07 100 No
ACT-CL J0438−5419 0.421 392±172 0.30±0.13 10 0.02 0.03+0.01−0.02 101 Yes
ACT-CL J0509−5341 0.461 361±134 0.42±0.17 114 0.46 0.08+0.04−0.03 110 Yes
ACT-CL J0521−5104f 0.676 440±292 0.37±0.25 37 0.15 . . . 00- No?
ACT-CL J0528−5259 0.768 144±177 0.16±0.19 50 0.28 0.30+0.07−0.02 010 No
ACT-CL J0546−5345 1.066 541±163 0.50±0.17 20 0.13 0.02+0.04−0.02 101 Yes
ACT-CL J0559−5249 0.609 233±241 0.19±0.20 9 0.03 0.13+0.13−0.06 000 No
ACT-CL J0616−5227f 0.684 685±268 0.61±0.25 29 0.12 . . . 10- Yes?
ACT-CL J0707−5522 0.296 402±140 0.48±0.18 19 0.05 0.34+0.04−0.15 100 No
Note. — Redshifts are listed for reference.
a Absolute value of the peculiar velocity of the BCG in the cluster rest-frame (see Section 4.2.1). The uncertainties
consider the error on the BCG redshift as twice that given by RVSAO.
b Offset between the BCG and the SZ peak as found in the Y200c analysis (see Sections 2.1 and 4.2.2 for details).
c Significance level of the DS test. Uncertainties are computed at the 75% level (see Section 4.2.3 for details).
d Each ordered number represents one of the tests listed in the table: “1” means the test shows evidence for
substructure and “0” means it does not.
e This cluster is classified as “disturbed” based on the results of Menanteau et al. (2012). See the text for details.
f There are too few members observed for the DS test to be reliable. The classification is left as a tentative one,
and these clusters are excluded from the analysis of Section 6.1 (see Section 4.2.4).
have changed by 91′′and 119′′, respectively. These two clus-
ters are also the clusters with the lowest S/N, as can be seen
from Table 1, so these large shifts are attributed to this fact.
4.2.3. 3D: DS Test
By studying a large sample of statistical tests for substruc-
ture in galaxy clusters, Pinkney et al. (1996) have shown that
the DS test (Dressler & Shectman 1988) is the most sensi-
tive test when used individually. The test has the ability not
only to detect the presence of substructure, but also to locate
the latter in projected space (in the ideal cases of substructure
not overlapping with the main system neither in velocity nor
in projected space) and is based in the detection of localized
subgroups of galaxies that deviate from the global distribu-
tion of velocities by use of the parameter ∆ = Sectionigmaiδi,
where
δ2i =
Nlocal
σ2
[
(v¯i − v¯)2 + (σi −σ)2
]2
(3)
is computed for each cluster member, where v¯i and σi are the
mean and standard deviation of the velocity distribution of the
Nlocal members closest to the ith member, and v¯ and σ are the
mean and standard deviation of the velocity distribution of all
the cluster members. The significance level (s.l.) of the test is
obtained by shuffling the velocities of each galaxy via a boot-
strap resampling technique with 5000 iterations. Although the
common use is that Nlocal =
√
Ngal, in this work ∆ is calcu-
lated for Nlocal ranging from 5 to 12. The uncertainties in the
s.l. are given by the second-maximum and second-minimum
s.l. for each cluster when varying Nlocal (i.e., they correspond
to ∼ 75%-level uncertainties), and the central value is given
by the median. A large uncertainty (i.e., dependence on Nlocal)
might also be indicative of substructure, but we do not include
this in the analysis.
As shown by Pinkney et al. (1996), the false positive rate
for the DS test is < 1%, < 4% and 9% for a s.l. of 1%,
5% and 10% respectively, for member samples as large as
ours in clusters simulated by Gaussian distributions of galax-
ies. The threshold for substructure detection is set therefore at
5% s.l. within uncertainties; seven clusters meet this criterion.
Given a false positive rate of 4%, there is a 25% chance of a
false detection of substructure by this method.
4.2.4. Substructure Results
Clusters have been identified as merging systems if they
meet at least two of the three conditions explained above, or
if they have an s.l. of the DS test strictly below 5% within
uncertainties. Although the second of the three conditions de-
pends on the projected spatial distribution, it is clear that this
analysis is biased toward l.o.s. substructure.
ACT-CL J0102−4915 (“El Gordo”) is a special case, as it
does not show evidence for merging from the dynamical in-
formation alone. However, both the spatial galaxy distribution
and X-ray surface brightness distribution reveal that this is a
very complex system where two massive clusters are interact-
ing close to the plane of the sky (Menanteau et al. 2012).
On the other hand, ACT-CL J0616−5227 is tentatively con-
sidered as a merging cluster given the high peculiar velocity
of the BCG, but the DS test was not performed for this cluster
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Figure 3. Top two panels show, for each cluster indicated on the horizontal
axis, the ratios of dynamical masses (top) and cluster redshifts (middle) when
only the absorption-line (“red”) galaxies or all galaxies are used for the anal-
ysis. Error bars are given by ∆Mall/Mall and ∆zall/zall, respectively. The
dashed line in each panel marks a ratio of unity. The bottom panel shows
the observed fraction of galaxies with emission lines (“blue”). Cluster names
have been shortened for clarity; data points in the top and middle panels have
been omitted for the three clusters with blue fractions equal to 0.
given the low number of members. The latter note also applies
to ACT-CL J0521−5104, although this cluster is tentatively
considered relaxed. These two clusters have been excluded
from the analysis of Section 6.1.
The last column of Table 4 states whether a cluster is con-
sidered to be relaxed (“No”) or disturbed (“Yes”) while the
previous column lists whether each cluster shows (“1”) or
does not show (“0”) signs of substructure in each of the tests,
as defined above. Combining the criteria used, 7 out of 14
clusters show signs of merger activity (or 8 of 16, if we in-
clude ACT-CL J0521−5104 and ACT-CL J0616−5227). This
number is consistent with previous optical and X-ray stud-
ies of local clusters (e.g., Girardi et al. 1997; Schuecker et al.
2001) and is also consistent with the X-ray follow-up of SPT
SZE-detected clusters by Andersson et al. (2011). They find
that 9 out of 15 SZE-selected clusters show signs of substruc-
ture based purely on X-ray morphology.
4.3. The Influence of Emission-line Galaxies
Clusters of galaxies are mostly populated by passive galax-
ies. Late-type galaxies are preferentially found in the outskirts
of clusters and associated with infalling groups. They there-
fore tend to show a different velocity distribution (Biviano &
Katgert 2004). Girardi et al. (1996) find that 29% (53%) out
of a sample of 17 nearby clusters show differences in the ve-
locity dispersion and 24% (47%) in the mean velocity, at the
2σ (1σ) level. Simulations also show that, where blue galax-
ies are found (i.e., outside the core), they tend to have a higher
velocity dispersion than red galaxies (Springel et al. 2001b).
The way blue galaxies are distributed in the cluster (both in
space and in velocity) depends, however, on the history of
each cluster (Biviano & Katgert 2004). The issue is complex;
for example, Aguerri & Sánchez-Janssen (2010) find no dif-
ference in the fraction of blue galaxies between relaxed and
disturbed clusters.
Although our target selection procedure should not be
strongly biased against emission-line galaxies, the observa-
tions have not been designed to study this effect and the spec-
troscopic samples have emission-line fractions of . 10% in
most cases. This number does not necessarily reflect the ac-
tual fraction in the clusters and could be taken as a lower limit
for it. In spite of all this, we briefly study the effect that blue7
galaxies might have on the results.
Figure 3 shows, in the top and middle panels respectively,
the variation of the mass measurement and the cluster red-
shift when blue (i.e., emission-line) galaxies are, and are not,
included. The null hypothesis (i.e., no bias) corresponds to
Mred/Mall = 1. Uncertainties in zred/zall and Mred/Mall are
given by ∆zall/zall and ∆Mall/Mall, respectively, where ∆zall
and ∆Mall are the uncertainties reported in Table 3. Within
uncertainties, neither cluster redshifts nor dynamical masses
change when including, or not, emission-line galaxies. Data
points are not shown for the three clusters with fractions of
emission-line galaxies—which are shown in the bottom panel
of Figure 3—equal to zero. These three clusters have, by def-
inition, Mred/Mall = zred/zall = 1. Note that for the red-only
analysis, the blue galaxies are removed before the selection
process (i.e., Nred does not necessarily equal Ngal −Nblue).
The redshifts, velocity dispersions and corresponding
masses in Table 3 have been calculated using all galaxies,
since blue galaxies do not bias our mass (or redshift) mea-
surements. This is, in turn, consistent with the findings of
Aguerri & Sánchez-Janssen (2010).
5. SZE–MASS SCALING RELATIONS
Both Vanderlinde et al. (2010) and Sehgal et al. (2011)
have shown that, given an accurate calibration of the SZE–
mass scaling relation, the inclusion of the ACT or SPT clus-
ter samples can lead to significant improvements in cosmo-
logical parameter uncertainties, particularly w and σ8, over
WMAP-7 only constraints. These results have recently been
confirmed by Benson et al. (2013) using X-ray observations.
However, without a precise SZE–mass scaling relation, these
cluster samples do not provide significant improvements in
constraining cosmological parameters.
Observations have shown that the SZE signal and mass of
a cluster can be related by a power-law (Benson et al. 2004;
Bonamente et al. 2008; Melin et al. 2011). While most simu-
lations seem to confirm this (da Silva et al. 2004; Motl et al.
2005; Nagai 2006), others suggest that certain effects (e.g.,
AGN feedback) can cause deviations from a single power-law
dependence (Battaglia et al. 2012). In this work, we restrict
ourselves to a power-law relation between dynamical mass
(see Section 4 and Table 3) and each SZE estimator measured
from the ACT data (see Section 2.1.2 and Table 1) of this
form:
M200c
h−170M
= 10A
(
y˜0E(z)−2
5×10−5
)B
(4a)
M200c
h−170M
= 10A
(
y0E(z)−2
7×10−5
)B
(4b)
M200c
h−170M
= 10A
(
Y200cDA(z)2E(z)−2/3
5×10−5 h−270 Mpc2
)B
. (4c)
7 Although the classification is done purely based on the spectral features
of each galaxy (with or without emission lines), we sometimes speak of blue
and red, instead of emission- and absorption-line galaxies, respectively, for
convenience.
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Here, DA(z) is the angular diameter distance in Mpc, M200c
is in units of h−170M and E(z) = [ΩM(1+ z)3 +ΩΛ]1/2. We refer
to B as the (logarithmic) slope of the scaling relations. The
self-similar predictions are 1 and 0.6 for the y0 and Y200c scal-
ing relations, respectively (e.g., Bonamente et al. 2008; Mar-
riage et al. 2011a). Equations (4) are convenient forms of pa-
rameterizing the scaling relations if one wants to predict the
mass of a cluster using SZE observations.
5.1. Selection Biases
Before proceeding, we consider the selection biases that can
affect our study when fitting the scaling relations (see Mantz
et al. 2010a, for a pedagogical description).
The first one is Eddington (1913) bias, which results from
the asymmetry of the steep underlying mass function (e.g.,
Jenkins et al. 2001; Tinker et al. 2008), coupled with measure-
ment errors, which introduces a net shift in mass due to the
statistical fluctuations of the measurement of the mass proxy
in the mass–observable (in this case, SZE signal) relation.
While there are analytical prescriptions to account for Ed-
dington bias (e.g., Mortonson et al. 2011), we have assessed
the effect of measurement errors in our sample by simulating
measurement uncertainties, comparable to those of our data,
in the simulations of Sehgal et al. (2010) and re-calculating
the scaling relation for 10,000 realizations. We find that the
scaling relations in these simulations are unchanged when in-
troducing measurement uncertainties. We thus estimate that
Eddington bias can be safely neglected in this case.
The second bias is produced by the intrinsic scatter in the
observable: clusters with mean SZE fluxes at the detection
limit whose signals scatter up will make it into the sample,
while those that scatter down will not. We refer to this ef-
fect as a flux bias.8 We use the simulations of Sehgal et al.
(2010) including prescriptions for both AGN and supernova
feedback, plus a realistic modeling of non-thermal pressure
support (Bode et al. 2012), to investigate this effect in our
sample. We measure y˜0 from the simulated clusters as in Sec-
tion 2.1.2 and subsequently apply a cut y˜0TCMB > 150µK to
the simulated data. This “observational” cut approximately
reflects the detection threshold of the observed cluster sam-
ple. This procedure mimics the observational situation with
the exception that it assumes a constant noise level through-
out the survey. The ACT sample is defined in terms of an
S/N limit, although the noise level is approximately constant
except near the edges of the map (Marriage et al. 2011a,b).
Within our sample, there is potentially only one cluster (ACT-
CL J0707−5522) whose flux bias correction is not accurately
described by this procedure because it sits in a high-noise re-
gion in the maps. If this cluster is removed from the sample,
the change in the corrected scaling laws is negligible.
In practice, clusters within a mass range from M to M+∆M
(where ∆M = 1014 h−170M) are extracted from the simulations
and the average y˜0 value of the extracted subsample is deter-
mined both with and without a detection threshold. The ratio
of y˜0 values represents a statistical estimate of the flux bias
factor for clusters within this mass range. At the low mass
end of the cluster sample the bias correction factor is ∼ 0.8,
while for clusters with M200c > 9×1014M the correction fac-
tor is close to unity. A continuous smooth curve is fitted to
8 This effect has often been called “Malmquist bias”. However, the term
“Malmquist bias” was coined related to the specific problem of an error in av-
erage distance modulus measurements tied with a magnitude-limited sample
and so is inappropriate here; see the review by Teerikorpi (1997).
Table 5
Best-fit Parameters of Scaling Relations
Relation BSSa A B σMY
y˜0corr −M200c . . . 15.02±0.07 0.79±0.15 0.13±0.05
ycorr0 −M200c 1 15.02±0.07 0.84±0.14 0.13±0.05
Y corr200c −M200c 0.6 14.99±0.07 0.48±0.11 0.18±0.10
Note. — Uncertainties have been estimated through bootstrap re-
sampling.
a Expected logarithmic slope from self-similar evolution.
the bias correction factors as a function of mass and applied
individually to each cluster’s SZE measurements. The uncer-
tainty on the mass is propagated through the bias correction
factors and then into the corrected measurements. To test the
dependence of the correction on the adopted cluster physics,
the procedure is repeated both for a model with no star for-
mation or AGN feedback and only thermal pressure support
(an “adiabatic” model) and for a model with a generous 20%
non-thermal pressure support, constant with mass, radius, and
redshift (Bode et al. 2009) as limiting cases, again account-
ing for the uncertainty in the mass measurements. The varia-
tion in the scaling relations given by these simulations is well
within reported errors on the scaling relations, both in the nor-
malizations and in the slopes.
We apply the same bias correction factors to each of the dif-
ferent SZE estimators. This is a reasonable approach since the
latter are all based on matched filters with kernels of similar
scales. To distinguish the bias-corrected values hereafter, we
label them with a superscript “corr”.
5.2. Best-fit Scaling Relations
We use the Bivariate Correlated Errors and intrinsic Scat-
ter (BCES) X2|X1 algorithm for linear regression (Akritas &
Bershady 1996), which takes into account correlated measure-
ment errors in both variables and intrinsic scatter, to find the
best-fit slopes and normalizations of the power-law scaling
relations given by Equations (4). The results are shown in
Figure 4, where the solid lines represent the best-fit power
laws and the shaded regions are the 1σ uncertainties. Table
5 lists the best-fit parameters, where the last column lists the
log-normal intrinsic scatter orthogonal to the best-fit line, as
described by Pratt et al. (2009). All uncertainties have been
estimated through bootstrap resampling. Different symbols
identify the dynamical state of each cluster (see Section 6.1).
It is important to mention that, in the case of the Y200c −M200c
scaling relation, error correlations are taken into account in
the fitting (see also Section 6.4).
All three SZE estimators correlate well with dynamical
mass, with Pearson’s r-values of 0.78, 0.82 and 0.86 for y˜0
corr,
ycorr0 and Y
corr
200c, respectively. The fractional errors on the slopes
are similar, ranging from 16% for y˜0
corr–M200c to 20% for
Y corr200c–M200c, while σMY is roughly the same for all three SZE
estimators (but see Section 6.4). These values are consistent
with those found in simulations, which have some dependence
on the input cluster physics and are of order 10%–15% for
large-aperture integrations, such as Y200c (Nagai 2006; Yang
et al. 2010; Battaglia et al. 2012). We find that the intrin-
sic scatter of the scaling relations for the central measures is
low and similar to that of Y corr200c − M200c, although numerical
simulations predict a higher dependence on gas physics and
projection effects for central estimates (e.g., Motl et al. 2005;
Shaw et al. 2008).
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Figure 4. Scaling relations between SZE estimators and dynamical mass
for the match-filtered amplitude y˜0 (top), the central Compton parameter y0
(middle) and Y200c, the Compton y-parameter integrated out to r200c (bot-
tom), all including three-season ACT data. All estimators have been scaled
as indicated in the axis labels (see Equations (4)) and data points have been
corrected for flux bias as detailed in the text. Solid blue lines show the best-
fit power laws, with the 1σ uncertainties marked by the shaded regions (see
Table 5). Different symbols identify whether each cluster is disturbed (tri-
angles), relaxed (circles), or not classified (squares). The black dotted line
shows the scaling relation found when applying the NFW profile correction
described in Section 6.2. Previous estimates of the Y200c–M200c scaling rela-
tion are shown in the bottom panel with dashed and dot-dashed lines (see the
text for details).
As a consistency check, the best-fit power laws have also
been estimated using the publicly available code by Kelly
(2007), which also takes into account measurement errors in
both variables and intrinsic scatter. The scaling relations esti-
mated using this method yield results that are consistent with
those listed in Tables 5 and 6, both in magnitude and uncer-
tainties, for A, B, and σMY .
5.3. Previous Results
Rines et al. (2010) were the first to present a comparison
of SZE fluxes and masses derived from dynamical informa-
tion, but their sample selection did not allow for the estimation
of a scaling relation. Here, we review some SZE-mass scal-
ing relations derived from other observations or mass proxies.
While we note that many authors have presented scaling rela-
tions in different forms and using a variety of mass proxies,
here we compare to those that have done so in the same form
as is done here (i.e., correcting by intrinsic evolution in the
form of Equations (4)).
When comparing to them, we have converted to values
calculated within r200c by assuming that the mass scales as
M ∝ Y γ , where γ is the best-fit slope found in each study.
Specifically, the conversion from a radius r∆ to r200c is done
by noting that, if M∆ = αM200c (given by an NFW profile)
and Y∆ = βY200c (given by the A10 profile), then if the scal-
ing relation is of the form M∆ ∝ Y γ∆, it is straightforward that
(αM200c)∝ (βY200c)γ .
The bottom panel of Figure 4 shows these scaling rela-
tions; those where masses were estimated from X-ray obser-
vations (Andersson et al. 2011; Planck Collaboration 2011b)
and weak lensing measurements (Marrone et al. 2012) are
shown with dashed lines, and the dash-dotted line shows the
results from hydrodynamical simulations by Battaglia et al.
(2012) which include AGN feedback. (The quoted values for
the latter are the results at z = 0.5, which also corresponds
to the characteristic redshift of our sample.) The latter au-
thors measure Y cyl200c, the integrated Compton parameter within
a cylinder of radius r200c, which is converted to a spherical
measure following Arnaud et al. (2010).
The Y corr200c −M200c scaling relation derived in this work is in
good general agreement with the scaling relations cited above,
although it is slightly shallower than those derived by Ander-
sson et al. (2011) and Planck Collaboration (2011b) and that
predicted by Battaglia et al. (2012), although the large uncer-
tainties prevent any further analysis. Larger samples of clus-
ters should help decrease these error bars.
6. POSSIBLE BIASES AND SYSTEMATIC EFFECTS
In this section we explore some effects, both physical and
from the analysis, that could be biasing the results of Section
5. Given the current data set, however, they are all hard to
asses, so we have relied in simulations for some of them. A
more detailed treatment of these effects will be performed in
the future, with a larger sample of clusters.
6.1. Scaling Relations for Relaxed and Disturbed Clusters
Table 6 lists the best-fit scaling relations when separating
the sample into relaxed and disturbed clusters according to
Table 4 (see Section 4.2). The effect of disturbed clusters,
if any, is similar for all SZE estimators and is apparent as
a slight, but not significant, change in slope, with disturbed
clusters making the slope of the scaling relations∼ 20% shal-
lower. While errors on samples of this size are very large,
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Table 6
Best-fit Parameters of Scaling Relations for Selected Subsamples
Relation Sample A B σMY
y˜0corr −M200c
Disturbed 14.99±0.13 0.86±0.36 0.15±0.09
Relaxed 15.01±0.12 0.77±0.28 0.13±0.09
ycorr0 −M200c
Disturbed 15.03±0.33 0.78±0.48 0.18±0.10
Relaxed 15.01±0.11 0.93±0.20 0.09±0.08
Y corr200c −M200c
Disturbed 15.02±0.13 0.43±0.17 0.23±0.18
Relaxed 14.96±0.11 0.58±0.19 0.15±0.15
Note. — There are seven disturbed and seven relaxed clusters. The
scaling relations are in the same form, as in Equations (4). Uncertainties
have been estimated through bootstrap resampling.
we find that ycorr0 − M200c has the largest decrease in scatter
when including only relaxed clusters, and the largest boost
for disturbed clusters. However, larger samples of clusters are
needed to test whether disturbed systems induce a significant
bias, or larger uncertainties, in the scaling relations.
As explained in Section 4.2, neither ACT-CL J0521−5104
nor ACT-CL J0616−5227 have been considered in the present
analysis. Including these clusters in either sample does not
change the best-fit parameters and only changes the intrinsic
scatter by .0.05, which is within the quoted uncertainties.
6.2. Systematic Effects from a Reduced Spectroscopic
Coverage
Figure 1 shows that the spectroscopic coverage does not
reach r200c with a significant number of members in many
of the clusters studied here. The spectroscopic aperture is
defined here as the median BCG-centric distance of the last
distance-ordered bin of 10 galaxies. This is assumed to
be enough so that a measure of the velocity dispersion of
these galaxies at such distance is representative of all mem-
ber galaxies (with and without a redshift measurement) in this
bin. The distribution of apertures is asymetric, with an aver-
age rap = 0.55+0.36−0.24 (90th and 10th percentiles), and is a func-
tion of the angular diameter distance DA(z) and the size of
the cluster (hence the mass). Thus, more massive clusters at
lower redshift have the smallest coverage.
Observations and simulations seem to give different an-
swers to what should the velocity dispersion profile of a clus-
ter look like. Simulations show that the velocity dispersion
profile for an NFW density profile should be decreasing with
radius (e.g., Biviano et al. 2006; Mamon et al. 2010). Most
observations, however, find that, on average, the velocity dis-
persion profile of clusters is flat outside r ≈ 0.5r200c (e.g.,
Biviano & Girardi 2003; Katgert et al. 2004; Faltenbacher
& Diemand 2006; Łokas et al. 2006), although some obser-
vations do support the expectations from simulations (e.g.,
Rines et al. 2003).
Because there are many unknowns in the size of the cor-
rection and the cluster properties that drive it, we do not cor-
rect our mass measurements by any bias introduced by this
reduced coverage. However, we do estimate what the bias
could be based on theoretical predictions. We use the veloc-
ity dispersion profile predicted by an NFW profile, as derived
by Mamon et al. (2010) from N-body simulations, using the
mass–concentration relation of Duffy et al. (2008). We correct
our measurement to a measurement at r200c using this profile
and measure a “corrected” M200c. Since the re-calculation of
r200c for a lower (higher) mass means that we have under(over-
)estimated the actual sampling aperture, this procedure is it-
erated until the radius converges, which takes 3–4 iterations.
The average correction to the velocity dispersion is 0.91, and
the average mass correction derived from Equation (1) is 0.79.
The correction to r200c is of the same order as that of the
velocity dispersion, and we use these corrected radii to es-
timate corrected Y200c, which are on average 0.91 of those
reported in Table 1. As mentioned in Section 2.1.2, y˜0 and
y0 are measured completely independent from the dynamical
masses, so these values are not affected. The scaling rela-
tions estimated from the corrected numbers are shown in each
panel of Figure 4 as a black dotted line. The effect of the
correction is to flatten the slopes and lower the normaliza-
tions, with A = {14.93±0.06,14.83±0.06,14.91±0.06} and
B = {0.60±0.09,0.66±0.08,0.40±0.09} for {y˜0,y0,Y200c}.
The resulting scatter is slightly lower but consistent with the
values reported in Table 5 for all estimators.
We also estimated, for comparison, the correction obtained
when applying the surface pressure correction term (The &
White 1986; Girardi et al. 1998), assuming an NFW profile.
This correction is directly applied to the mass measurement.
The average correction to the present sample is 0.73. This
yields best-fit scaling relations with shallower slopes but con-
sistent with the previous method. However, this correction is
applicable specifically to the virial mass measurement (i.e.,
estimated from the Virial Theorem), so should be taken with
care, especially for a population that may be dominated by
dynamically disturbed clusters like the present one.
6.3. The Redshift Evolution of y˜0
While the functional forms of Equations (4) are well mo-
tivated from self-similar evolution for y0 and Y200c, y˜0 is de-
pendent on the adopted filtering of the maps (Hasselfield et al.
2013) and we have no a priori information on how it should
evolve with redshift for a fixed mass. We have explored
a range of functional forms for the redshift dependence of
Equation (4a) using the set of models discussed in Section
5.1. We find that, while the results are consistent, the models
prefer a slightly lower redshift evolution of y˜0 at fixed mass.
Specifically, the scaling resulting from Equation (4a) could, at
low (z ∼ 0.3) redshifts, bias the masses high (on average) by
as much as ∼ 25%. Conversely, at high (z ∼ 1) redshifts the
masses could be biased low by up to ∼ 35%.
These new mass predictions would, for a variety of redshift
parameterizations and for all the clusters in our sample, be
within the measured 1σ uncertainties. Given the sample size
and measurement uncertainties, we have decided to study y˜0
in a similar way to y0, to be able to compare more easily the
two, which are closely related. As mentioned above, a more
detailed study of the functional form of Equations (4) will be
performed in future work with a larger sample of clusters.
6.4. M200c–Y200c Correlation
Since r200c is derived from dynamical information and used
to estimate Y200c, there is non-zero correlation between Y200c
and M200c. As noted in Section 5.2, the best-fit slopes and nor-
malizations listed in Tables 5 and 6 include error correlations
between these two parameters. The effect of this correlation is
to flatten the relation notably, although within errorbars: if not
included in the BCES fit, the slope increases to 0.56±0.11.
Additionally, as discussed analogously by Becker &
Kravtsov (2011) in the context of the M500c − Mgas relation,
such a correlation will bias the intrinsic scatter measurement
low by a factor ≈ 1−α/3, where Y200c ∝ (r/r200c)α near r200c.
By re-calculating Y200c at different radii around r200c (see Sec-
tion 2.1.2), we find α ' 1.18. The intrinsic scatters of the
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Y200c −M200c relations in Tables 5 and 6 consequently include
a correction factor ≈ 1.65, which makes them larger than the
intrinsic scatters for the other relations but consistent within
the large errorbars.
7. DISCUSSION
7.1. Individual Clusters
In this section we list clusters with notable features, includ-
ing comparison of dynamical masses presented here with pre-
vious estimates, where available.9 The respective original or
alternative names can be found in Table 3. With respect to
notes on optical features of these clusters, the reader is re-
ferred to Figures 4–10 of Menanteau et al. (2010a), as appro-
priate.
7.1.1. ACT-CL J0102−4915 “El Gordo”
Located at z = 0.870, this cluster has the largest SZE sig-
nal of all ACT clusters (it is the rightmost data point in all
panels of Figure 4) and is one of the most massive clus-
ters of the sample according to its dynamics. This cluster
looks elongated in the optical (in fact, it is double-peaked
in the galaxy distribution; Menanteau et al. 2012), but there
are no clear signs of l.o.s. substructure from the dynami-
cal information. In Menanteau et al. (2012), we show that
if the cluster is divided into two subclusters in the process of
merging (as suggested by the optical data), they have a mass
ratio of order 2:1, with a total summed dynamical mass of
M200c = (24± 7)× 1014 h−170 M, making this a huge merger
between two already massive clusters.
Menanteau et al. (2012) used a multi-wavelength data-set
combining X-rays, SZE and the information provided in this
work to estimate the cluster mass using several mass proxies
which are in statistical agreement, with a combined mass es-
timate of M200a = 21.6±3.2×1014 h−170 M. The statistical er-
ror for the combined mass is likely an underestimate given the
complex nature of this massive merging cluster (see Menan-
teau et al. 2012, for a detailed discussion of the mass mea-
surements in “El Gordo”)
7.1.2. ACT-CL J0215−5212
As shown in Table 4, this cluster appears to have substruc-
ture with a high significance as given by the DS test. More
noteworthy, however, is the peculiar velocity of the BCG,
vpec = 1171±153kms−1, different from zero at > 7.5σ. This
is the only cluster in our sample in which the velocity of the
BCG is comparable to the velocity dispersion of the cluster,
and the cluster where the emission-line galaxies are most dif-
ferent from the whole population. ACT−CL J0215-5212 has
a second galaxy ∼ 23′′ away (corresponding to a projected
distance of 140h−170 kpc at z = 0.480) which is only 0.27 mag
fainter and has a peculiar velocity of roughly −660kms−1,
and at least three more galaxies within 0.55 mag of the BCG
(which is the brightest of all by definition, but is also the one
nearest to the optical center of the cluster), all of which have
comparable (∼ 1000kms−1) peculiar velocities. On the other
hand, this cluster does not significantly depart from any of the
9 We quote the original mass estimates, given as M500c—also with respect
to the critical density of the universe—and assume a typical conversion fac-
tor M200c ≈ 1.6M500c (Duffy et al. 2008) when comparing with our results.
In the particular case of “El Gordo”, masses are originally given as M200a,
the masses within a radius containing 200 times the average density of the
universe. For this cluster, the conversion is M200c ≈ 0.86M200a.
scaling relations of Figure 4, showing the complexity of sub-
structure analyses. It also has the highest fraction of emission-
line galaxies.
7.1.3. ACT-CL J0237−4939
Similar to the previous case, this cluster has three bright
galaxies within 2′ of the BCG, which are within 1 mag
of the BCG. In particular, the second-brightest galaxy is
65′′ (310h−170 kpc) away from the BCG, is 0.49 mag fainter
and has a peculiar velocity with respect to the cluster of
∼ 1850kms−1. All this argues in favor of the classification
of this cluster as a disturbed system.
7.1.4. ACT-CL J0330−5227
As mentioned in Section 2.1.1, this cluster was discov-
ered by Werner et al. (2007) behind A3128 (z = 0.06) using
XMM-Newton X-ray observations. The SZE measurement is
clearly associated with the background structure while the less
massive, foreground cluster has no significant SZE emission
(Hincks et al. 2010). The dynamical mass estimated here is
significantly higher than that derived by Werner et al. (2007),
of M500c = 3.4×1014 h−170 M. They do caution, however, that
their estimate is uncertain, as it is based on an isothermal
beta-model for the cluster. Being located only 12′ away from
A3128 at z = 0.06 on the sky, this cluster is a clear illustration
of the mass selection of SZE surveys, approximately inde-
pendent of redshift (see Hincks et al. 2010, for further discus-
sion).
7.1.5. ACT-CL J0438−5419
ACT-CL J0438−5419 is the only new ACT cluster also
reported by the Planck satellite in its early release (PLCK-
ESZ G262.7−40.9; Planck Collaboration 2011a).10 It has
been followed-up with XMM-Newton, with which Planck Col-
laboration (2011d) estimated a mass M500c = (6.9± 0.7)×
1014 h−170 M using a YX –M scaling. This value is 1.6σ lower
than our dynamical estimate; in fact, this cluster is one of the
most massive ones in our sample. However, their reported er-
rors include only statistical effects, so are underestimates of
the true errors in the measurement.
This cluster is also reported in Williamson et al. (2011).
They estimate a simulation-based SZE-estimated mass
M500c = (8.2±2.5)×1014 h−170 M, consistent with our dynam-
ical mass estimate.
7.1.6. ACT-CL J0509−5341
This was one of the first clusters discovered by SPT
(Staniszewski et al. 2009) and the first mass measurements
were reported by Menanteau & Hughes (2009). Vanderlinde
et al. (2010) reported a simulation-based SZE estimate of
the mass of M500c = (4.3± 1.1)× 1014 h−170 M and Anders-
son et al. (2011) estimated an X-ray YX –derived mass from
M500c = (5.4± 0.6)× 1014 h−170 M. All previous values are in
agreement with our estimate. Consistent with our substruc-
ture analysis, Andersson et al. (2011) found that this cluster is
a disturbed system based solely on X-ray morphology.
7.1.7. ACT-CL J0521−5104
10 Five other clusters in this sample (El Gordo, ACT-CL J0235−5121,
ACT-CL J0304−4921, ACT-CL J0559−5249 and ACT-CL J0707−5522) have
now been included in the Planck SZ catalog (Planck Collaboration 2013).
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This cluster is not reported in Marriage et al. (2011a),
because it was not an S/N>3 detection in the initial anal-
ysis. However, more recent analyses including data from
3 yr of observations show that this cluster is now detected
at 4.5σ, and it is therefore included in this study. Vander-
linde et al. (2010) report an SZE-estimated mass of M500c =
(2.97± 0.89)× 1014h−170 M, significantly lower than the dy-
namical mass reported here.
7.1.8. ACT-CL J0528−5259
This cluster was also reported by Staniszewski et al. (2009)
and characterized optically by Menanteau & Hughes (2009)
Its SZE-estimated mass is M500c = (2.9± 0.9)× 1014 h−170 M
(Williamson et al. 2011) and its X-ray-estimated mass is
M500c = (3.0± 0.9)× 1014 h−170 M (Andersson et al. 2011).
These values are consistent with our dynamical estimate. Also
consistent with the present finding, Andersson et al. (2011)
found that the X-ray morphology shows this cluster to be re-
laxed.
7.1.9. ACT-CL J0546−5345
This is the highest-redshift cluster of the sample, at z =
1.066. Brodwin et al. (2010) first presented a spectroscopic
study of this cluster based on 18 cluster members, which have
been included in this study, plus the three emission-line galax-
ies not used for their mass measurement. We included Brod-
win et al.’s (2010) galaxies in our spectroscopic catalog and
applied the cluster membership algorithm (Section 3.2) which
resulted in 48 members in total. Our mass estimate, calculated
now with three times as many galaxies, is consistent both with
their dynamical estimate and their best estimate, combining
X-ray, SZE and dynamical information, which corresponds to
M200c = (7.9±0.9)×1014 h−170 M.
7.1.10. ACT-CL J0559−5249
This cluster was also detected by SPT and reported in Van-
derlinde et al. (2010). They report a simulation-based SZE-
derived mass M500c = (5.3± 1.2)× 1014 h−170 M, while An-
dersson et al. (2011) estimate an X-ray YX -derived mass of
M500c = (6.4± 0.5)× 1014 h−170 M. Both these estimates are
consistent with each other, and combined are consistent with
the lower limit of our dynamical estimate. The ACT SZE
signal is consistent with the dynamical mass (cf. Figure 4).
Using X-ray data, Andersson et al. (2011) suggest that this
cluster is in the process of merging but our substructure anal-
ysis finds no evidence for substructure. These two results are
not necessarily in contradiction since X-ray morphology and
dynamical information are sensitive to substructure with dif-
ferent orientations.
7.1.11. ACT-CL J0616−5227
The optical imaging of this cluster by Menanteau et al.
(2010a) was sufficient to provide confirmation but shallower
than required to secure an adequate galaxy catalog for spec-
troscopic targeting. Out of 73 spectra obtained, only 18 are
cluster members. Another six are foreground/background
galaxies. The remaining are all late-type (mostly M) stars,
which have similar colors to the cluster members. Both the
SZE signal and the X-rays argue in favor of this being a mas-
sive cluster, supporting the dynamical estimate.
7.2. The SCS Clusters
Of the 19 clusters observed during this program (see Table
2), only the 16 listed in Table 3 were detected by ACT. The
other three clusters are listed in Table 7. These three clusters
(hereafter “the SCS clusters”) were discovered optically in the
SCS and were included in the spectroscopic program because
of their high optical richness (Menanteau et al. 2010b), along
with ACT-CL J0521−5104. Despite them being optically rich
systems, the masses of the three SCS clusters are consistent
with being below the ACT detection limit.
8. CONCLUSIONS
We have conducted a large spectroscopic follow-up pro-
gram of clusters of galaxies discovered via the SZE by ACT
in its southern sky survey (Menanteau et al. 2010a; Marriage
et al. 2011a). We used 89 hr of multi-object spectroscopic
observations divided between FORS2 at VLT and GMOS at
Gemini-South. With a few (3–4) hr of observation per cluster,
we have been able to confirm an average 65 members per clus-
ter, which allowed us to: (1) obtain robust redshifts for each
cluster; (2) measure velocity dispersions with errors . 10%,
which translates to uncertainties of < 30% in mass estimates;
and (3) determine the dynamical state of the clusters.
The cluster sample spans a redshift range 0.28 < z < 1.07,
with a median redshift z = 0.50. Careful examination of possi-
ble substructure shows that ∼ 50% of the clusters in the ACT
sample show signs of significant substructure, consistent with
the X-ray study of SPT SZE-selected clusters (Andersson et
al. 2011) and with optically and X-ray-selected local clusters.
We find that the presence of emission-line galaxies within
clusters, which could be associated with infalling groups,
does not significantly modify the mass estimates. For this rea-
son, emission-line galaxies have been included as members in
the final samples.
Dynamical masses have been estimated from the radial ve-
locity dispersions using the Evrard et al. (2008) simulation-
based σ −M200c scaling relation. These clusters have masses
6 . M200c . 21 in units of 1014 h−170 M, with a median mass
∼ 12×1014 h−170 M in agreement with the mass distribution of
the ACT sample as estimated from X-ray luminosities (Mar-
riage et al. 2011a). These clusters rank therefore among the
most massive clusters in the universe.
The scaling relation between dynamical mass and SZE sig-
nal has been studied using three estimators of the SZE: the
central match-filtered SZE amplitude, y˜0, the central Comp-
ton parameter, y0, and the Compton signal integrated within
r200c, Y200c. In order to derive unbiased scaling relations, a
simulation-based flux bias correction has been applied to the
data, and the scaling relations include intrinsic evolution with
redshift.
These scaling relations are summarized in Table 5 and rep-
resent the main result of this work. The intrinsic scatter in
these relations is consistent with that predicted by simulations
(e.g., Motl et al. 2005; Reid & Spergel 2006). We find that
all our SZE estimators are similarly robust as mass proxies,
with lognormal intrinsic scatters ∼ 15%, although in the case
of Y200c −M200c, the scatter is high but poorly constrained be-
cause of correlations between the observables. The derived
scaling relations agree with the expectations from self-similar
evolution of clusters. Although there are hints that dynam-
ically disturbed clusters may bias the scaling relations, the
present sample size does not allow for a robust constrain on
this effect. The scaling relation between Y200c and dynamical
mass M200c is in good agreement with previous results, which
are based on different mass proxies, and predictions from sim-
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Table 7
Clusters in the Optical Program not Netected by ACT in the 2008 Observing Season.
Name Ngal zBI SBI r200c M200c
(kms−1) (h−170 kpc) (10
14 h−170 M)
SCSO J0514−5126 15 0.7372±0.0018 931±154 1370±218 6.3±3.0
SCSO J0514−5140 22 0.7362±0.0011 701±125 1036±182 2.7±1.4
SCSO J0540−5614 17 0.4477±0.0008 578±115 990±193 1.7±1.0
ulations.
In summary, the first sample of spectroscopically followed-
up SZE-selected clusters from ACT has yielded results that
agree with the expectations for the first-generation of SZE
surveys. The scaling relations derived from this sample also
agree with the expectations. The results presented here show
that dynamical masses provide a good way of relating the SZE
to cluster masses, and larger cluster samples, in combination
with other mass proxies, will serve as a tight constraint for
cosmology.
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Table 8
Spectroscopic Members of the 16 ACT Clusters
Identification R.A. Decl. mi z rcc Main Spectral
(hh:mm:ss) (dd:mm:ss) Features
SMH_J010257.7−491619.2 01:02:57.74 −49:16:19.2 19.186 0.87014±0.00030 3.39 Ca II K,H; [O II]
SMH_J021512.3−521225.3 02:15:12.26 −52:12:25.3 18.678 0.48587±0.00016 3.90 Ca II K,H
SMH_J023242.8−525722.3 02:32:42.80 −52:57:22.3 18.410 0.55592±0.00014 4.53 Ca II K,H
SMH_J023545.3−512105.2 02:35:45.28 −51:21:05.2 16.493 0.27825±0.00015 7.18 Ca II K,H
SMH_J023701.7−493810.0 02:37:01.71 −49:38:10.0 17.582 0.33554±0.00016 10.42 Ca II K,H
SMH_J030416.0−492126.3 03:04:16.04 −49:21:26.3 17.463 0.39289±0.00020 9.43 Ca II K,H
SMH_J033056.8−522813.7 03:30:56.83 −52:28:13.6 17.520 0.43969±0.00019 10.23 Ca II K,H
SMH_J034655.5−543854.8 03:46:55.49 −54:38:54.8 18.577 0.53107±0.00013 6.16 Ca II K,H
SMH_J043817.7−541920.7 04:38:17.70 −54:19:20.6 17.470 0.41955±0.00012 9.42 Ca II K,H
SMH_J050921.3−534212.2 05:09:21.38 −53:42:12.2 18.361 0.46257±0.00022 7.53 Ca II K,H; [O II]
SMH_J052114.5−510418.5 05:21:14.54 −51:04:18.6 19.060 0.67780±0.00041 3.96 Ca II K,H
SMH_J052805.3−525952.8 05:28:05.30 −52:59:52.8 19.715 0.76695±0.00037 6.10 Ca II K,H
SMH_J054637.6−534531.3 05:46:37.67 −53:45:31.3 21.184 1.06255±0.00016 6.47 Ca II K,H
SMH_J055943.2−524927.1 05:59:43.23 −52:49:27.1 19.103 0.61035±0.00027 3.88 Ca II K,H
SMH_J061634.1−522709.9 06:16:34.05 −52:27:09.9 18.594 0.68765±0.00011 6.87 Ca II K,H
SMH_J070704.7−552308.4 07:07:04.67 −55:23:08.4 16.754 0.29451±0.00019 6.05 Ca II K,H
Note. — BCGs of the 16 SZE-selected clusters presented here. Galaxies have been named based on their positions,
and using the initials of the first three authors of this paper to identify the catalog.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for
guidance regarding its form and content.)
APPENDIX
ELECTRONIC DATA
Table 8 lists the properties of the BCGs for each of the ACT clusters (see Table 3). This table is an excerpt from the full table
available online (from which the BCGs are shown for convenience), which contains all cluster members for the 16 ACT clusters.
It is given for guidance in its form and content. Column 1 lists the adopted identification, based on the J2000.0 position of each
galaxy and using the initials of the first three authors of this paper to identify the catalog. Columns 2 and 3 list the positions of the
galaxies. Column 4 lists the magnitude in the i band and Column 5 lists the cross-correlation redshifts and their associated errors
as given by RVSAO. Column 6 lists the cross-correlation S/N rcc (Tonry & Davis 1979) and Column 7 lists the main spectral
features of each galaxy.
